Bi-directional air-surface exchange of ammonia (NH 3 ) has been neglected in many air quality models. In this study, we implement the bi-directional exchange of NH 3 in the GEOS-Chem global chemical transport model. We also introduce an updated diurnal variability scheme for NH 3 livestock emissions and evaluate the recently developed MASAGE_NH 3 bottom up inventory. While updated diurnal variability improves comparison of modeled-to-hourly in situ measurements in the 5 Southeastern US, NH 3 concentrations decrease throughout the globe, up to 17 ppb in India and Southeastern China, with corresponding decreases in aerosol nitrate by up to 7 µg m −3 . The ammonium (NH + 4 ) soil pool in the bi-directional exchange model largely extends the NH 3 lifetime in the atmosphere. Including bi-directional exchange generally increases NH 3 gross emissions (7.1%) and surface concentrations (up to 3.9 ppb) throughout the globe in July, except in India and South-10 eastern China. In April and October, it decreases NH 3 gross emissions in the Northern Hemisphere (e.g., 43.6% in April in China) and increases NH 3 gross emissions in the Southern Hemisphere.
Introduction
Ammonia (NH 3 ) is an important precursor of particulate matter (PM 2.5 ) that harms human health (Reiss et al., 2007; Pope et al., 2009; Crouse et al., 2012) and impacts climate through aerosol and short-lived greenhouse gas concentrations (Langridge et al., 2012) . Global emissions of NH 3 have increased by a factor of 2 to 5 since pre-industrial times, and they are projected to continue to rise 25 over the next 100 years (Lamarque et al., 2011; Ciais et al., 2013) . NH 3 is an important component of the nitrogen cycle and accounts for a significant fraction of long-range transport (100's of km) of reactive nitrogen (Galloway et al., 2008) . Excessive deposition of NH 3 already threatens many sensitive ecosystems (Liu et al., 2013) .
Uncertainties in estimates of NH 3 emissions are significant. Surface-level NH 3 measurements 30 have been limited in spatial and temporal coverage, leading to large discrepancies in emissions estimates (Pinder et al., 2006) . Additional information from remote sensing observations has been used to gain a better understanding of NH 3 distributions (Clarisse et al., 2009; Shephard et al., 2011; Pinder et al., 2011; Van Damme et al., 2014) . These observations have also been used as inverse modeling constraints on NH 3 emissions (Zhu et al., 2013) . While this approach leads to improved 35 results regarding the comparison of air quality model estimates to independent surface observations in the US (Zhu et al., 2013) , several limitations of this approach were identified. First, model biases in NH x wet deposition were not reduced. Emission constraints from remote sensing measurements available only once per day were very sensitive to the model's diurnal variation of NH 3 sources.
Also, the remote sensing observations used in Zhu et al. (2013) are sparsely distributed, leading 40 to a quantifiable sampling bias. Other inverse modeling studies of NH 3 emissions have been performed using in situ observations, such as aerosol SO 2+ 4 and NO − 3 (Henze et al., 2009) , aircraft observations of NH 3 (Schiferl et al., 2014) or wet deposition of NH + 4 (Paulot et al., 2014) . However, these approaches still have disadvantages as they are limited to the small spatiotemporal coverage of available aircraft measurements, or are sensitive to large model biases in HNO 3 (Heald et al., 2012;  Several recent studies have begun to include resistance-based bi-directional exchange wherein the NH 3 flux direction is determined by comparing the ambient NH 3 concentration to the NH 3 in-canopy compensation point. Sutton et al. (1998) and Nemitz et al. (2001) began with the air-canopy exchange 60 model and extended the model by including air-soil exchange, but with no soil resistance. Cooter et al. (2010) and Bash et al. (2010) developed and extended the model to include a soil capacitance which assumes that NH 3 and NH + 4 exist in equilibrium in the soil. This NH 3 bi-directional exchange scheme has been evaluated in a regional air-quality model (CMAQ) by Bash et al. (2013) and Pleim et al. (2013) .
Based on these previous studies, investigating the diurnal patterns of NH 3 emissions and bidirectional air-surface exchange is critical for reducing uncertainties in the GEOS-Chem model, which may in turn afford better top-down constraints on NH 3 source distributions and seasonal variations. In this paper, we apply a new diurnal distribution pattern to NH 3 livestock emissions in GEOS-Chem, which is developed based on observations of emissions in the Concentrated An-70 imal Feeding Operation (CAFO) dominated areas in North Carolina (Zhu et al., 2015) . We then implement bi-directional exchange of NH 3 in a global chemical transport model -GEOS-Chemfollowing Pleim et al. (2013) , and compare the model to in situ observations. As a first step towards including bi-directional exchange in NH 3 inverse modeling, we also develop the adjoint of bi-directional exchange in GEOS-Chem; this also provides a useful method for quantifying the sensi-75 tivities of GEOS-Chem simulations with respect to important parameters in the bi-directional model, such as soil pH and fertilizer (only mineral fertilizer is considered in NH 3 bi-directional exchange) application rate, which are themselves uncertain.
Section 2 describes the model we use in this study. Section 3 introduces the in situ observation networks we use for evaluation. The impacts of implementing the new diurnal variation pattern of 80 NH 3 emissions are presented in section 4. The details of developing bi-directional exchange and its adjoint in GEOS-Chem are described in section 5, followed by the evaluations and adjoint sensitivity analysis in section 6. We present our conclusions in section 7.
Methods

GEOS-Chem
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GEOS-Chem is a chemical transport model driven with assimilated meteorology from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Office (Bey et al., 2001) . We use the nested grid of the model (horizontal resolution 1/2 • × 2/3 • (∼ 50 km × 67 km) over the US and 2 • × 2.5 • (∼ 200 km × 250 km) horizontal resolution for the rest of the world. The year 2008 is simulated with a spin-up period of 3 months. The tropospheric oxidant chemistry simulation in GEOS-Chem includes a detailed ozone-NO x -hydrocarbon-aerosol chemical mechanism (Bey et al., 2001) coupled with a sulfate-nitrate-ammonia aerosol thermodynamics module described in Park et al. (2004) . The wet deposition scheme of soluble aerosols and gases is described in Liu et al. (2001) . The dry deposition of aerosols and gases scheme is based on a resistance-in-series model (Wesely, 1989) , updated here to include bi-directional exchange (see Section 5). 95 Global anthropogenic and natural sources of NH 3 are from the GEIA inventory 1990 (Bouwman et al., 1997) . The anthropogenic emissions are updated by the following regional inventories: the 2005 US EPA National Emissions Inventory (NEI) for US, the Criteria Air Contaminants (CAC) inventory for Canada (van Donkelaar et al., 2008) , the inventory of Streets et al. (2006) for Asia, and the Co-operative Program for Monitoring and Evaluation of the Long-range Transmission of Air 100 Pollutants in Europe (EMEP) inventory for Europe (Vestreng and Klein, 2002) . Monthly biomass burning emissions are from van der Werf et al. (2010) , and biofuel emissions are from Yevich and Logan (2003) . The anthropogenic emissions inventories described here are only used for base case nested grid model runs over the US. Variants will be explained in the following sections. Table 1 is a summary of various emissions inventories used in different sections.
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GEOS-Chem adjoint model
An adjoint model is an efficient tool for investigating the sensitivity of model estimates with respect to all model parameters simultaneously. This approach has been applied in recent decades in chemical transport models for source analysis of atmospheric tracers (Fisher and Lary, 1995; Elbern et al., 1997) and for constraining emissions of tropospheric chemical species (Elbern et al., 2000) . Adjoint 110 models have also been used in air quality model sensitivity studies (e.g., Martien and Harley, 2006) .
The adjoint of GEOS-Chem is fully described and validated in Henze et al. (2007) . It has been used for data assimilation using in situ observations (e.g., Henze et al., 2009; Paulot et al., 2014) and remote sensing observations (e.g., Kopacz et al., 2010; Zhu et al., 2013; Xu et al., 2013) . In this paper, we develop the adjoint of bi-directional exchange and we use this adjoint model to investigate the 115 sensitivity of modeled NH 3 with respect to soil pH and fertilizer application rate.
Observations
Surface measurements
We use surface observations of NH 3 and wet deposited NH + 4 from several networks to evaluate model estimates.
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The SouthEastern Aerosol Research and Characterization (SEARCH) network contains monitoring stations throughout the Southeast US. The SEARCH network provides different sampling frequencies, such as daily, 3-day, 6-day, 1-min, 5-min and hourly, at different sites. Three of the monitoring stations (Oak Grove, MS, Jefferson Street, GA, and Yorkville, GA) provide 5-min long surface NH 3 observations. In order to see the diurnal variations, we convert the 5-min long obser-125 vations to be hourly average NH 3 concentration for each of these three sites in July 2008. We then average the hourly observations of these three sites to compare with the modeled results of corresponding sites.
The Ammonia Monitoring Network (AMoN) of National Atmospheric Deposition Program (NADP) contains 21 sites across the US with two-week long sample accumulation (Puchalski et al., 2011) . 130 We average the two-week long observations from November 2007 through June 2010 to monthly NH 3 concentrations. The Interagency Monitoring of Protected Visual Environments (IMPROVE) network (Malm et al., 2004) Simulated NH 3 surface concentrations in GEOS-Chem are significantly overestimated at nighttime compared to hourly observations from the SEARCH network (Zhu et al., 2013) . The standard NH 3 emissions in GEOS-Chem are evenly distributed throughout the 24 hours of each day of the month, as indicated by the blue line in Figure 1 . That the simulated NH 3 emissions do not have any diurnal variation is a likely explanation for this discrepancy with hourly observation. Thus, a new diurnal 155 distribution scheme for NH 3 livestock emissions has been developed in CMAQ (Zhu et al., 2015) .
Here we implement this algorithm in GEOS-Chem. The hourly NH 3 livestock emission, E h (t), is calculated from the monthly total emission, E m , as
where N met (t) is the hourly fraction of the NH 3 livestock emission during the month. This depends 160 on the aerodynamic resistance, R a [s −1 m], and surface temperature,
where n is the number of hours in a month, t is the time during the month, from 1 to n, and H(t) is the Henry's equilibrium, calculated following Nemitz et al. (2000) ,
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More details of the development of this diurnal variability scheme can be found in Zhu et al. (2015) .
Evaluation with in situ NH 3 observations
We replace the standard GEOS-Chem livestock emissions, which are evenly distributed for each hour of the day (static), with this new diurnal variability of livestock emissions that peaks in the middle of the day (dynamic) ( Figure 1 ). This also introduces daily variability of livestock emissions 170 into the simulation, which is not considered in the standard GEOS-Chem model. As the standard GEOS-Chem anthropogenic emissions do not distinguish the livestock emissions sector (described in Section 2.1), we calculate the absolute NH 3 livestock emissions based on the fraction of livestock emissions in anthropogenic emissions in the 2008 NEI.
Significant improvements are found when we compare surface NH 3 concentrations to SEARCH 175 observations after implementing the dynamic diurnal emissions (see Figure 2 ). The dynamic case (black) decreases the surface NH 3 concentration relative to the static case (red) by several ppb at night and increases concentrations slightly (up to 1 ppb) in the day. This reduces the model mean bias by up to 2.9 ppb at night. The modeled Representative Volume Mixing Ratio (RVMR) underestimates the observed RVMR from TES in the US and most places of the globe Zhu et al., 2013) . In this study, we also compare the modeled RVMR from static and dynamic cases between the dynamic and static RVMR are from -1.5 ppb to 1.6 ppb. These changes generally reduce differences between modeled and observed RVMR, while the differences are enhanced in a few locations, such as Northern India in April. However, the magnitude of these changes is small compared to the differences (from -11.4 ppb to 3 ppb) between the static RVMR and TES RVMR.
Global distribution
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We are able to detect more obvious changes between the static and dynamic cases when focusing on a livestock source region (California) and a hotter day, during which the dynamic RVMR increases 3.4 ppb (Zhu et al., 2015) . Stronger constraints on diurnal variability would be evident from potential future geostationary measurements (Zhu et al., 2015) .
High biases of surface nitrate aerosol concentrations in GEOS-Chem are found in the US (e.g., 210 Heald Walker et al., 2012) . Here we consider the impact of dynamic NH 3 livestock emissions on surface nitrate concentration in the US, as well as globally. Figure Investigating the impacts of dynamic NH 3 livestock emissions on nitrogen deposition is also of interest. In Figure 5 , we show the global distribution of total nitrogen deposition (wet deposition of 220 The dry deposition scheme in the standard GEOS-Chem model is based on the resistance in series formulation of Wesely (1989) , which only considers the unidirectional flux of NH 3 from the air to the surface. However, the air-surface exchange is known to actually be bi-directional. In this paper, we update the dry deposition of NH 3 to combine NH 3 dry deposition from the atmosphere and emission from vegetation. A simplified schematic of the updated air-surface exchange process of 240 NH 3 is shown in Figure 6 . More details of this bi-directional scheme can be found in Cooter et al. (2010) and Pleim et al. (2013) . The total air-surface exchange flux, F t , is calculated as a function of the gradient between the ambient NH 3 concentration in the first (surface) layer of the model and the canopy compensation point Pleim et al., 2013) ,
where C a is the ambient NH 3 concentration of the first atmospheric layer of the model, C c is the canopy compensation point (which is set at one half of the in-canopy resistance, since NH 3 can come from either air or soil to the canopy, thus, splitting R inc symmetrically is appropriate), R a is the aerodynamic resistance, and R inc is the in-canopy aerodynamic resistance. C a > C c will result in deposition from air to surface, and C a < C c will result in emission from surface to air. C c is 250 calculated as ,
where R b , R bg , R st , R soil and R w are the resistances at the quasi-laminar boundary layer of leaf surface, the quasi-laminar boundary layer of ground surface, the leaf stomatal, soil and cuticle respectively. R a , R b , R bg , R st and R w are already defined and used in the standard GEOS-Chem 255 deposition scheme. Here we define and calculate R soil and R inc following Pleim et al. (2013) . C st and C g are the NH 3 concentrations in the leaf stomata and soil pores respectively. They are calculated as functions of temperature and NH 3 emission potential (Γ st,g , dimensionless) in the leaf stomata and soil (Nemitz et al., 2000) .
260 Γ st is calculated as a function of land cover type, and the values of different land cover types are based on Zhang et al. (2010) . Γ g is calculated as a function of soil pH and NH + 4 concentration in the soil, [NH + 4 ] soil . Soil pH data is taken from ISRIC -World Soil Information with a 0.5 • × 0.5 • global resolution (http://www.isric.org/data/data-download). We model the [NH + 4 ] soil as an ammonium pool in the soil, which is a function of fertilizer application rate, deposition, nitrification, 265 soil moisture, and emission in bi-directional exchange. The calculation of [NH + 4 ] soil is described in the next section.
To compare the deposition (downward) flux and emission (upward) flux of the bi-directional case to the base case, we define diagnostic variables for gross deposition flux F dep and emission flux F emis as follows ,
where F dep is calculated under the assumption that there is no NH 3 emission potential from the soil and canopy, and F emis is calculated under the assumption that there is no NH 3 in the atmosphere.
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Thus, F dep + F emis = F t .
Soil ammonium pool
Here we introduce a NH + 4 pool to track the NH 3 and NH + 4 in the atmosphere and in the soil. The inputs to the ammonium pool in the soil are NH x (NH 3 and NH + 4 ) deposition from the atmosphere, NH 3 emission from the soil, and N fertilizer application rate. The annual N fertilizer application 280 rates are from Potter et al. (2010) , which has chemical fertilizer (global total 70 Tg N yr −1 ) with a 0.5 • × 0.5 • resolution for the year 2000. We assume that all forms of N fertilizers will convert to NH + 4 rapidly after fertilizer application. This dataset is also used to develop the global soil nitric oxide emissions in GEOS-Chem in Hudman et al. (2012) . We use the same treatment of annual total fertilization as Hudman et al. (2012) to derive daily fertilizer application rates by applying 285 75% of the annual total fertilization amount around the first day of the growing season (green-up day), distributed with a Gaussian distribution one month after. The other 25% is evenly distributed over the remaining time before the end of the growing season (brown-down day). The determination of green-up and brown-down days is based on the growing season dates derived from the MODIS Land Cover Dynamics product (MCD 12Q2) using the MODIS enhanced vegetation index (EVI) 290 (Hudman et al., 2012) . Using the fertilizer inputs described above, in addition to inputs from deposition and outputs from emission, the time dependent soil NH + 4 pool [mol L −1 ] is calculated as 
where τ is the decay time owing to nitrification rate of NH + 4 in soil. We assume τ is 15 days, since almost all NH + 4 will convert to NO − 3 within that timespan (Matson et al., 1998) . S dep is the deposition rate, S f ert is the fertilizer application rate, and L dep is the deposition loss rate. We use 305 the same assumption as Hudman et al. (2012) that only 60% of this deposited NH x will enter the soil, while the rest of the NH x deposition will runoff into waterways. Here we do not consider the production of NH + 4 from NO − 3 in the nitrogen cycle from mineralization nor immobilization. The time scale of these processes can be years, which is much larger than the time scale of the NH + 4 simulations considered here; Cooter et al. (2010) also found these processes were not needed to 310 accurately simulate NH 3 over managed lands on similar time scales.
Adjoint of bi-directional exchange
To investigate the sensitivity of modeled NH 3 concentrations to the parameters in the bi-directional exchange model, and to facilitate future inverse modeling, we develop the adjoint of our updated NH 3 flux scheme. Here we consider two key parameters, soil pH and fertilizer application rate, 315 since their values are highly approximate.
The adjoint sensitivity is defined as
where J(NH 3 ) is the total mass of ammonia at surface level in each grid box during 1 week. The unit of J(NH 3 ) is kg/box. σ in this study is defined as the soil pH scaling factor (σ pH ) or fertilizer appli-320 cation rate scaling factor (σ f ert_rate ). σ pH is defined as pH pH 0 and σ f ert_rate is defined as f ert_rate f ert_rate 0 . pH 0 and f ert_rate 0 are the initial estimate of soil pH from ISRIC and fertilizer application rates from Potter et al. (2010) . λ σ is the sensitivity of J(NH 3 ) with respect to the bi-directional exchange model parameters σ. 325 We validate the accuracy of the adjoint model by comparing the sensitivity of NH 3 surface concentrations with respect to soil pH and fertilizer application rate calculated using the adjoint model with sensitivities calculated using the finite differences method. In order to make such comparisions efficiently throughout the model domain, horizontal transport is turned off for these tests (e.g., Henze et al., 2007) . Figure 7 shows the comparison of sensitivities calculated by adjoint and finite 330 difference. The cost function is evaluated once at the end of a one week simulation. The slope of a linear regression and square of correlation coefficient, R 2 , are both close to unity, demonstrating the accuracy of adjoint of the bi-directional model.
Validating the adjoint of bi-directional exchange
Results and Discussion
For the US region, we use nested horizontal resolution (1/2 • × 2/3 • ) simulations with the standard 335 set of GEOS-Chem emission inventories. For the global simulation, we introduce a new bottom up emission inventory for NH 3 agriculture sources, MASAGE_NH3 (Paulot et al., 2014) . The full description of the differences between the GESO-Chem standard NH 3 emission inventories and MASAGE_NH3 is in Paulot et al. (2014) . We perform global simulation at a horizontal resolution of 2 • × 2.5 • . All simulations include the dynamic treatment of the diurnal variability of livestock 340 emissions described in section 4.
US
We run the GEOS-Chem model for April, July, and October of 2008 with the updated diurnal variation of NH 3 livestock emissions and the bi-directional exchange mechanism. Figure 8 Bi-directional exchange does not much alter the total modeled emissions in the US in July (increase by 5.2%) and October (decrease by 13.9%), but does lead to a decrease of 23.5% in April. With the ammonium soil pool, the model can preserve ammonia/ammonium in the soil rather than emitting it directly after fertilizer application. This is the main reason that gross emissions decrease in the Great Plains in April and October. In July, there is not as much fertilizer applied as in April. However, 355 the bi-directional exchange between the air and surface can induce NH 3 to be re-emitted from the ammonium soil pool which reserve ammonium from previous deposition and fertilizer application.
The spatial distributions of surface NH 3 concentrations in GEOS-Chem are shown in Figure 9 . In general, bi-directional exchange decreases monthly NH 3 surface concentrations in April (up to 1.8 ppb) and October (up to 2.1 ppb), and increases it in July (up to 2.8 ppb) throughout the US. There 
Evaluation with NH 3
We evaluate the GEOS-Chem simulation with bi-directional exchange by comparing the model val-365 ues to in situ observations from AMoN. Figure 10 shows the comparison of GEOS-Chem surface NH 3 concentrations in the BASE and BIDI cases with AMoN observations. Bi-directional exchange decreases the normalized mean bias (NMB) from -0.227 to -0.165 in July, and increases the NMB from -0.701 and -0.197 to -0.829 and 0.283 in April and October, respectively. The root mean square error (RMSE) decreases by 18.3% in July, and increases by 16.7% in April and 19.2% in October.
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R 2 values increase by 20.6% in July, and decrease by 37.6% in April and 49.1% in October. The slope slightly increases by 0.5% in July, and decreases by 53.5% and 37.5% in April and October, respectively. The changes in slopes can also be seen in Figure 9 as bi-directional exchange decreases the NH 3 monthly average concentration at AMoN sites in April and October while it increases the NH 3 monthly average concentrations in July. Modeled surface NH 3 concentrations are significantly 375 lower than the AMoN observations in April and October by a factor of 2 -5, which is not unreasonable given likely underestimates in primary emissions (Zhu et al., 2013; Nowak et al., 2012; Schiferl et al., 2014) . Such large underestimation is not corrected by applying the NH 3 bi-directional exchange to the model. Other improvements in the model besides bi-directional exchange, such as updating primary NH 3 emissions, are also required for better estimating NH 3 surface concentrations. Overestimation of nitrate in GEOS-Chem is a long recognized problem (Park et al., 2004; Liao et al., 2007; Henze et al., 2009; Heald et al., 2012; Walker et al., 2012; Zhu et al., 2013) . Heald et al. (2012) recommend that reducing the nitric acid to 75% would bring the magnitude of nitrate 395 aerosol concentration into agreement with the IMPROVE observations. In our study, based on the comparison of BASE modeled nitrate concentration and IMPROVE observation, we perform sensitivity studies by reducing the nitric acid to 50% in July and to 20% in October at each timestep in the GEOS-Chem model for both BASE and BIDI cases. Modeled nitrate concentrations reduce dramatically with this adjustment in July and October, but overestimates still exist in many places in the 400 Eastern US. We also compare the modeled NH 3 surface concentrations in the sensitivity simulations with adjusted nitric acid concentrations to the AMoN observations, since reducing the nitric acid in the model may cause NH 3 to partition more to the gas phase, which could bring modeled NH 3 concentrations into better agreement with AMoN observations. However, no significant impacts are found in NH 3 concentrations at AMoN site locations with these nitric acid adjustments, consistent 405 with earlier assessments that the model's nitrate formation is NH 3 limited throughout much of the US (Park et al., 2004) . Overall, overestimation of model nitrate by a factor of 3 to 5 appears to be a model deficiency beyond the issue of NH 3 bi-directional exchange.
Comparison to inverse modeling
Inverse modeling estimates of uni-directional NH 3 emissions using TES observations lead to overes-410 timates of ammonia concentration in comparison to surface observations from AMoN in July (Zhu et al., 2013) , and emissions estimates in July are much higher than other top-down or bottom up studies (Paulot et al., 2014) . It is thus of interest to evaluate whether bi-directional exchange of NH 3 would reduce this high bias. Although repeating the inverse modeling with TES NH 3 observations and bi-directional exchange is beyond the scope of this work, we can use the optimized emissions 415 from Zhu et al. (2013) as the basis upon which bi-directional exchange is applied. Figure 12 shows the modeled NH 3 monthly average surface concentrations in comparison to the AMoN observations. The left column of Figure 12 is from the optimized NH 3 estimates from Zhu et al. (2013) .
In the right column, the modeled NH 3 monthly average concentrations are from GEOS-Chem with NH 3 bi-directional exchange using the optimized emissions from Zhu et al. (2013) . The model with 
Global modeling results
While bi-directional exchange of NH 3 has previously been implemented in regional models (e.g., Bash et al., 2013; Zhang et al., 2010; Wichink Kruit et al., 2012) , with the GEOS-Chem model we have the chance to evaluate NH 3 bi-directional exchange on global scales for the first time. The global distribution of NH 3 gross emissions in both BASE and BIDI cases, as well as their differences, 435 are shown in Figure 13 . Generally, bi-directional exchange decreases NH 3 emissions in the Northern Hemisphere, and increases NH 3 gross emissions in the Southern Hemisphere in April and October.
Total NH 3 emissions in the Northern Hemisphere decrease by 22.6% in April and 7.8% in October.
In July, bi-directional exchange increases NH 3 emissions in most places (7.1% globally), except China and India. As evident from the figure, the differences in many places throughout the globe 440 are very slight. With positive and negative differences, the global mean and median of the changes are quite small (for example, the mean and median differences in July are -0.02 Gg/month and zero, respectively). However, there are areas where the differences deviate significantly from zero (for example the standard deviation of the difference in July is 3.76 Gg/month in China). We thus focus our discussion on the range of differences in particular regions that are evident from Figure 13. ). in the BIDI case in April. Figure 15 shows the percentage of emissions from fertilizers in BIDI case in the global simulations. BIDI fertilizers contribute more to gross emissions in July than in other months in the Northern Hemisphere, which again demonstrates the delayed effect of fertilizer NH 3 (mostly applied in the springtime) in the BIDI model. Streets et al. (2003) ) are underestimated in many places of the globe including China . We must note that the lower NH 3 concentrations presented here are daily 490 averages, while IASI and TES data are for a particular hour of the day. The changes in the emissions profile may reduce the model underestimate against the satellite observations while decreasing the mean NH 3 concentrations. However, the ability of remote sensing instruments on satellites in lowearth orbits (LEO) to observe the impact of bidirectional exchange on NH 3 concentrations is limited compared to observations from potential future geostationary measurements (Zhu et al., 2015) . 495 
Wet deposition evaluation (Global and US)
We compare the model NH + 4 wet deposition to in situ observations in several regions of the world using NTN for the continental US, CAPMoN for Canada, EMEP for Europe, and EANET for East Asia, see Figure 17 . For the model NH + 4 wet deposition, we also include the model NH 3 wet deposition since NH + 4 wet deposition from in situ observations includes precipitated NH 3 . Since there are 500 biases in the modeled precipitation, we scale the model wet deposition by multiplying the modeled deposition by the ratio of the observed to modeled precipitation, F lux model * ( P obs P model ) 0.6 , following the correction method in Paulot et al. (2014) . We only include observations that have 0.25 < P obs Psim < 4 to limit the effect of this correction (Paulot et al., 2014) , and we also exclude ob-servations which are beyond three times the standard deviation of observed NH + 4 wet deposition to 505 avoid outliers.
In general, the GEOS-Chem model underestimates NH + 4 wet deposition throughout the world in the BASE case. Large increases in NH + 4 wet deposition in the BIDI cases are found in the US, Canada, and Europe in July (up to 6.31 kg ha −1 yr −1 ). The slopes of the regression line when compared to observations increase by 37.9% in US, 54.9% in Canada, and 17.7% in Europe in the 510 BIDI cases in July, all becoming closer to unity. However, the bi-directional exchange increases the RMSE by 64.3% in the US, 37.2% in Canada, and 36.0% in Europe.
Bi-directional exchange does not impact the NH + 4 wet deposition much in April and October. It decreases NH + 4 wet deposition slightly (up to 3.77 kg ha −1 yr −1 in Europe) at most of the observation locations in the US, Canada, and Europe in April. The slopes decrease by 14.3% in the US, 515 6.8% in Canada, and 12.3% in Europe. Bi-directional exchange decreases the NMB by 46.4% in the US, 37.6% in Europe in April, but increases the NMB by 28.3% in Canada, and 11.6% in East Asia.
In October, bi-directional exchange increases NH + 4 wet deposition slightly at most of the observation locations (up to 3.85 kg ha −1 yr −1 ). The changes in RMSE between BASE and BIDI cases are small, less than 10%.
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The overall differences of NH + 4 wet deposition between the BASE and BIDI cases are generally small (from -4.95 to 6.31 kg ha −1 yr −1 ), even when the differences in NH 3 emissions are substantial. Figure   18 shows the adjoint sensitivities of NH 3 surface concentration with respect to the scaling factors for the soil pH (left) and for the fertilizer application rate (right) in April, July, and October, 2008. The sensitivities with respect to both parameters are always positive throughout the globe. Sensitivities 535 of NH 3 to fertilizer application rate are positive as excess fertilizer application will increase the NH 3 soil emission potential. Sensitivities of NH 3 to soil pH are also positive as low H + concentrations in soil (high soil pH) increases dissociation of NH + 4 to NH 3 , thereby increasing the potential for volatilization of NH 3 . The relationship between NH 3 concentration and soil pH is stronger during the growing season since more ammonium is in the soil pool. Slight changes in pH may have large impacts on the amount of NH 3 emitted from soil and further induce large differences in NH 3 surface concentrations.
As we can see in the left column of Figure 18 , the sensitivities of NH 3 surface concentrations with respect to soil pH scaling factors are larger in the Northern Hemisphere than those in the Southern Hemisphere in April and July, and less in the Northern Hemisphere than those in the Southern 545 Hemisphere in October, since the growing seasons are in April in the Northern Hemisphere and in October in the Southern Hemisphere. Large sensitivities in July in the Northern Hemisphere are due to ammonium in the soil pool accumulated from CAFO emissions via deposition. However, some caution is warranted in interpreting the seasonality of these sensitivities, as our model does not include any seasonal variations in soil pH. Seasonal variability of soil pH is driven by fertilizer 550 rate, timing of fertilizer application, root and bacterial activity, soil moisture, organic matter, and salt levels (Murdock and Call, 2006) . Soil pH is observed to be highest at or near mid-winter and lowest at late summer (Slattery and Ronnfeldt, 1992) . Variation of soil pH can be more than one unit from spring to fall (Angima, 2010) , thus the uncertainty in the constant annual soil pH used here could be about 20% owing to neglecting seasonality.
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The relationship between NH 3 concentration and fertilizer application rate is also seasonally dependent. The seasonal trends of sensitivities of NH 3 to fertilizer application rate are similar to sensitivities of NH 3 to soil pH. Larger sensitivities appear in places with lower fertilizer application rates than those with plenty of fertilizer. For example, the largest fertilizer application rates appear in Southeast China, Northwest Europe and Northern India in April, and sensitivities are nearly zero 560 in each of these locations. That the magnitude of the fertilizer application rates itself is an important factor in determining the sensitivities of NH 3 concentration to the fertilizer application rate is indicative of the nonlinear relationship introduced by treatment of bi-directional exchange.
Through investigating the sensitivities of NH 3 surface concentration to the soil pH and the fertilizer application rate, we know that NH 3 surface concentrations are very sensitive to these parameters 565 in many places of globe. We also find that NH 3 surface concentrations are more sensitive to soil pH than fertilizer application rate in general. In addition to the adjoint sensitivity analysis of NH 3 concentrations to the soil pH and the fertilizer application rate, it is also interesting to know the ranking of sensitivities of NH 3 concentrations with respect to other parameters, such as NH 3 concentrations at compensation points (C c , C st , C g ), NH 3 emission potentials (Γ g , Γ st ), and resistances (R a , R inc , 570 R soil , R g , R st , R bg , R w ). Knowledge of the sensitivity of NH 3 concentrations with respect to these parameters may help improve the model estimation of the spatial and temporal distributions as well as the magnitudes of NH 3 concentrations.
Comparison to in situ NH 3 with adjusted BIDI parameters
Based on the adjoint sensitivity analysis we have shown above and forward sensitivity analysis for 575 all the parameters mentioned above (results not shown), we know that soil pH is one of the most critical parameters in the GEOS-Chem bi-directional exchange model. It is interesting to explore to what extent biases in the modeled NH 3 concentrations may be explained by uncertainties in the parameters of the bi-directional model, rather than e.g., revising livestock NH 3 emissions. To test this, we increase the soil pH value by a factor of 1.1, since uncertainties of seasonal soil pH are 580 about 20%. As expected, the NH 3 surface concentrations generally increase over the globe (e.g., up to 3.4 ppb in April). Large increases occur in places with large sensitivities to soil pH ( Figure   18 , upper left). NH 3 concentrations are underestimated in the model in comparison to the AMoN observations in the US. They are also underestimated in many parts of globe in comparison to TES observations . With this adjustment to soil pH, the discrepancy between TES 585 observations and the model in upper levels of the boundary layer may potentially be reduced in regions where GEOS-Chem NH 3 is underestimated before the growing seasons and overestimated after the growing seasons. Slight increases in NH 3 surface concentrations are found throughout the US as NH 3 is not very sensitive to soil pH in the US (see Figure 18 ). Thus, this adjustment does not improve the comparison to AMoN observations in the US.
590
In this study, we did not consider the adjustment of soil pH in agricultural areas by the farmers who limit the soil pH in a certain range to improve crop yield (Haynes and Naidu, 1998) . However, no significant changes in the modeled surface NH 3 concentrations occur with bi-directional exchange when we limit the soil pH in the agricultural areas between 5.5 and 6.5 (generally less than 1 ppb over the globe, up to 3.4 ppb in India), since sensitivities are not very strong in the agricultural areas 595 (see left column of Figure 18 ).
Small differences between bi-directional and unidirectional fluxes in the US are also indicated in Dennis et al. (2013) , wherein sensitivity tests were performed varying the soil emission potential (Γ g , a parameter which includes both soil pH and fertilizer application rate) in CMAQ. It was found that the impact on total N deposition at continental scales was generally small (< 5%), with very few 600 (< 10%) grid cells having differences up to 20%.
From Zhu et al. (2013) , we know that the underestimation of NH 3 emissions in the unidirectional model can be as much as a factor of 9 in the US. We also notice that NH 3 may not change much when fertilizer emissions increase a lot in regions such as Midwest US and Northern Australia (see Figure 14 and Figure 16 ). Thus, low emissions from other sources, such as livestock, may be a big 605 part of the reason for underestimating NH 3 concentrations in the bi-directional exchange model. To better understand this, we also test increasing NH 3 livestock emissions by a factor of 8 in April and 3 in October as NH 3 concentrations are generally underestimated by around 8 and 3 times ( Figure   10 ) compare to AMoN observations in April and October, respectively. These adjustments bring the NH 3 concentrations into a much better agreement with the magnitude of AMoN observations, see 610 Figure 19 . However, uniformly increasing the livestock emissions does not well represent the NH 3 spatial distribution with the AMoN observations (correlations of model and observation are very low). Overall, treatment of bi-directional exchange can improve our understanding of NH 3 emissions from fertilizers, but this alone may not improve estimation of NH 3 concentrations, NH + 4 wet depositions, and nitrate aerosol concentrations. Additional work including bi-directional exchange in 615 NH 3 inverse modeling is needed, as large underestimates in NH 3 primary sources exist in the model and simply applying the scheme to optimized emissions from inverse modeling can not well capture the spatial variability of NH 3 concentrations that are the responses of both bi-directional exchange processes and emissions.
Spot sensitivity analysis 620
Here we investigate to what extent bi-directional exchange increases the NH 3 lifetime, which is a critical issue for controlling nitrogen deposition and PM 2.5 formation. Through the adjoint method, we are able to assess source contributions to model estimates in particular response regions (e.g., Lee et al., 2014) . In Figure 20 , we show the adjoint sensitivity of NH 3 surface concentration at a single location [88 • W, 40 • N] with respect to the NH 3 anthropogenic emissions at all grid cells in 625 April, 2008. In the BASE case (left panel), the NH 3 surface concentration is most sensitive to the emissions from the same grid cell, and is less sensitive to the emissions from surrounding grid cells.
With the bi-directional exchange (right panel), the NH 3 concentration is sensitive to the emissions from a much wider range, which extends all the way to Canada. Some of the sensitivities are very strong even though they are a long distance away from the location of the NH 3 concentration under 630 consideration. The deposition and re-emission processes in the bi-directional exchange extends the spatial range of influence of NH 3 emissions and, in effect, the NH 3 lifetime. Thus, modeled NH 3 concentrations in Illinois can be impacted by the emissions from Kansas or even from Canada.
Conclusions
In this study, we have considered a more detailed, process-level treatment of NH 3 sources in a global 635 chemical transport model (GEOS-Chem) and evaluated the model behavior in terms of biases in estimated NH 3 , nitrate, and NH + 4 wet deposition, and the factors driving these processes in the model. First, we update the diurnal variability of NH 3 livestock emissions. In general, by implementing this diurnal variability scheme, the global NH 3 concentrations, nitrate aerosol concentrations, and nitrogen deposition all decrease. The largest decreases always occur in Southeastern China and Northern India. More NH 3 from livestock emitted in the daytime largely decreases the NH 3 surface concentrations in the night and increases concentrations during the day, which is more conducive to export of NH 3 .
We have also developed bi-directional exchange of NH 3 and its adjoint in the GEOS-Chem model.
Bi-directional exchange generally increases NH 3 gross emissions in most parts of the US and most 645 places around the globe in July, except China and India. These are mainly due to the NH 3 reemissions from the ammonium soil pool that accumulates ammonium from previous months. Bidirectional exchange generally decreases NH 3 gross emissions in the US in April and October. On a global scale, bi-directional exchange decreases NH 3 gross emissions in the Northern Hemisphere in April and October, and increases NH 3 gross emissions in the Southern Hemisphere. During the 650 growing seasons, the ammonium soil pool preserves ammonia/ammonium in the soil rather than emitting it directly after fertilizer application.
Bi-directional exchange increases monthly NH 3 surface concentrations throughout the world in July, which improves comparison to the AMoN observations in the US. It decreases NH 3 surface concentrations in the Northern Hemisphere and increases NH 3 concentrations in the Southern Hemi-655 sphere in April and October. Bi-directional exchange does not have a large impact on model biases in nitrate aerosol, which are likely owing to overestimated nitric acid concentration (Heald et al., 2012) . However, with the deposition and re-emission of NH 3 inherent in bi-directional exchange, NH 3 can be impacted by sources from a much greater distance, which is a critical issue when considering strategies for controlling nitrogen deposition and PM 2.5 formation.
660
Bi-directional exchange largely increases NH + 4 wet deposition in the US, Canada, and Europe in July, but slightly decreases NH + 4 wet deposition in April and has little impact in October. The overall differences of NH + 4 wet deposition between the BASE and BIDI cases are generally small, even when the differences in NH 3 fertilizer emissions are large. While observations of wet deposition have been used to constrain NH 3 sources in previous works (Gilliland et al., 2003 (Gilliland et al., , 2006 Zhang et al., 665 2012; Paulot et al., 2014) , this dataset does not appear sufficient to provide constraints on model treatment of bi-directional exchange. Moreover, as the in situ measurements used here are limited in space and time, the comparisons between model and measurements only represents the ability of bi-directional parameterization at these specific spatial (100 s of km) and temporal (monthly) scales; more pronounced impacts may occur at finer scales.
670
Using the adjoint of bi-directional exchange, we investigate the spatial and seasonal dependency of NH 3 surface concentrations in the GEOS-Chem model on the soil pH and fertilizer application rate, which are themselves uncertain. Soil pH is known to be seasonally variable. Updating the soil pH with seasonal variability would impact the results of bi-directional exchange across wide regions of globe. However, updating the soil pH with seasonal variability does not seem sufficient to improve 675 comparison with in situ observations in the US, as primary sources are likely underestimated by a factor of 3 or more. Further, uniformly increasing the emissions from primary sources degrades the spatial variability of simulated NH 3 .
Overall, bi-directional exchange largely extends the lifetime of NH 3 in the atmosphere via deposition and re-emission processes. This model provides a better fundamental description of NH 3 680 emissions from fertilizers. However, implementing bi-directional exchange does not uniformly improve estimation of NH 3 concentrations, NH + 4 wet deposition, and nitrate aerosol concentrations. Domain-wide adjustments to soil pH or livestock emissions do not improve the model comparison to the full suite of measurements from different platforms, locations and seasons considered here.
Thus, incorporating bi-directional exchange in an inverse model is required in future work to correct 685 the low biases in NH 3 primary sources without over adjusting these sources to account for model error from neglecting bi-directional exchange processes. Measurements from recent (Shephard and Cady-Pereira, 2015) or future (Zhu et al., 2015) remote sensing platforms will be of value for such endeavors.
Gilliland, A. B., Dennis, R. L., Roselle, S. J., and Pierce, T. E.: Seasonal NH3 emission estimates for the eastern United States based on ammonium wet concentrations and an inverse modeling method, J. Geophys. Res.-Atmos., 108, 4477, doi:10.1029 /2002JD003063, 2003 Gilliland, A. B., Appel, K. W., Pinder, R. W., and Dennis, R. L.: Seasonal NH3 emissions for the continental United States: Inverse model estimation and evaluation, Atmos. Environ., 40, 4986-4998, 2006 . Figure 17 . Comparisons of GEOS-Chem modeled NH + 4 wet deposition in BASE (blue) and BIDI (red) cases with in situ observations in US (1st column), Canada (2nd column), Europe (3rd column), and East Asia (4th column) in April (1st row), July (2nd row), and October (3rd row) of 2008. The y-axis represent the model values, and the x-axis represent observations from NTN (for US), CAPMoN (for Canada), EMEP (for Europe), EANET (for East Asia). R 2 is the square of the correlation coefficient. April July October Figure 18 . The adjoint sensitivities of NH3 surface level concentration with respect to soil pH scaling factor (left) and fertilizer application rate scaling factor (right) in April, July, and October of 2008. Note that sensitivities in the left and right columns have different scales.
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